Abstmct-We describe studies of the interaction of stO0ns duration, multiline (2.6-3) pm HF laser with enamel tissue. The etch rate experiment showed an ablation threshold fluence of 47 Jcm-* but using the dispersion theory for optical coefficients of n and k for enamel at dominant laser lines, this value reduced to ~2 5
I. Introduction
Laser ablation of dental tissue has extensively been studied over the past decades (1 -2). The main reasons for applying lasers ranging from IR to W in dentistry are thought to be due to having less pain compared with mechanical high speed drilling process, selective tissue removal, analgesic and anti-inflamatory e f f m and also the benefit of more cost-effective watment. Increasing interest in the use of IR lasers for ablation of dental hard substances such as dentin as well as enamel has raised major concerns reganling a better understanding of laser-tissue interaction mechanism in a given case (34). A great deal of work has been done to demonstmte the potential use of pulsed W laser for the ablation of organic materials (5) (6) (7) (8) . However, not much work is done about the analysis of a multimode hydrogen fluoride laser interaction with dental tissues.
There area number of well established methods which can be used to analyze the laser-material interaction including photothermal deflection, PTD (9) , photoacoustics, PA (10) and spectroscopy (1 1).
In general, both PTD and PA are based on rapid heating of a sample after the absorption of optical energy. Consequently a thermal and acoustic change of rehctive index ie. medium modulation is produced. The beam deflection can be due to thermal waves crossing the probe beam at below ablation threshold or plume and shock wave fronts at above threshold This paper is to describe studies used to evaluate the interaction of pulsed HF laser with enamel tissue using etch rate, ITD and plasma spectroscopy experiments.
Materials and Methods

Sample preparation
In this study twenty fieshly extracted noncarious human third molars (wisdom) were used Some of about 2mm thick and 4x3 dimension and others were kept intact, Before the experiment the samples were stored in buffered saline containing 0.2% thymol solution to prevent bacterial growth. Immediately after the experiment the samples were placed in 0.9%sodium chloride. Prior to experiments the samples were air dried and mounted on a disk with paraffin wax. The cooling system was comprised of air and water spray in order to inhibit any heat expenditure around the treated area.
Experimental Technique
The home-built laser used in these experiments operated on a SF6-C3Hs gas mixture at low pressure of50 torr and was excited by a fast, transverse, high voltage discharge. Multiline output energies up to 5ooml in a A00 ns FWHh4 was obtained at a pulse repetition frequency of a . 2 Hz. Spectral measurements revealed that 20 bansitions spanning the wavelength range 2.67-2.96 j.un appeared in the output with dominant emission at 2.76, 2.78,2.82 and 2 . 9 2~. The experimental set up is shown in figure 1 where the energy measurements were made using a Gen-Tec pyroelectric joulemeter.
An InAs photodiode (JudsonJ12) allowed the relative laser output to be monitored on a shot-by shot basis.
Material removal measurements were made by exposing the samples to a predetermined number of laser pulses, n, and measuring the depth of material removed,A,using a high resolution optical microscope removed,(euromex & 2~ depth resolution). The average etch rate (removed tissue depth per pulse)was then calculated from Nn( Fig.2 ). More information was achieved regarding the interaction mechanism using PTD technique. In these experiments, the probe beam was a He-Ne laser of 3mW power and was focused by a lens of lOOmm focal length to a waist of few microns, passed parallel to the sample surface oriented normally to the W laser, Deflection of the probe beam was measured as a function of pulse number ( The plasma produced during laser interaction was conducted to a high resolution monochromator by an optical fibre for analysis of ablation plume. The resolved signals were then detected by a PMT (RCA) detector whose output was fed to the computer for data storage and further p a s s i n g . Figure 2 shows the etch depth per pulse as a function of fluence for the HF laser ablation of enamel tissue. In the general case of a sample in which i-the absorption is dominant ie.
Experimental Results
&, ii-ablation commences instantaneously once a threshold fluence Ft is exceeded and iii-if the plume retains the same absorption coefficient as the condensed phase, then one can use the well known Beer' s law where the etch rate varies as the logarithm of fluence.
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Where X, a and F are etch depth per pulse, absorption coefficient and fluence respectively. A fit to the data using equation (1) yields Fts47Jcm.' and ~1 7 8 0 c m -' for the threshold and effective absorption coefficient, respectively. In order to characterize the interaction process, the PTD experiment was canied out and some quantitative information was obtained in a nondestructive manner. By assuming a Gaussian probe beam one can write its relation with respect to deflection as follows. (Fig. 4b ). An example of laserinduced plasma is shown in figure 5a where the combusion of fast ejected particles is clearly seen at the surface. The colour of plasma gradually changed from blue when the enamel was dry to orangelike when it was water sprayed.
Figure 5b is the spectrum of enamel plasma spanning from 420-620 nm with its strongest emission lines of calcium at 526nm and 559 nm respectwely.
Discussion
It is well known that the use of mid-IR lasers in the field of periodontology such as treatment of carious dentin and enamel has been successll. The reason is thought to be due to high absoption coefficients of hydroxyapatite I:Ca,o(Po&(OH2)] with a total composition weight of 90% at 9.6p and 2.8m respectively. Also,
CD) fl the remaining 1P? water content has a high absorption peak at 2 . 9~. Therefore, the effective ablation mechanism in (2.7-3)pm is microablation accompanied with tissue matrix inter-cellular water evaporation. Since hydroxyapatite has high energy absorption in this mnge, its melting and vaporization at high laser fluences also affect the interaction process (4,12). It has been found that the values of fluence threshold and absorption coefficient are relatively high compared with similar investigations. To interpret and justify the results obtained we begin with the minimum energy per unit volume accumulated for enamel ablation which is about de84 Jcme3 and that is much higher than the energy needed to vapourize the minerals in enamel (4) . The key point we have to consider here is that not all the pulse energy is expended for tissue ablation. The propagation of electromagnetic wave in a linear medium can be determined by optical constants n and k which are the real and imaginary part of refi-active index respectively. These constants in turn depend on dielectric constan< K and medium conductivity, 6. In order to correctly use the electromagnetic wave theory one ought to express the changes occurring in above parameten in terms of radiation frequency and dispersion. ie. Drude-Lorentz theory (13). Simulation of the theory for enamel showed that one would expect to have a great deal of surface reflection, R of 2 . 7 6~ and 2 . 7 8~ wavelengths near the resonance frequency of hydroxyapatite at 2 . 8~. Assuming that the radiation is incident normally to enamel surface, then R can be defined in term of K as follow.
(4) Figure 6 . Plot of optical coefficients (n,k,R) of enamel as a function of inverse wavelength.
Where k, and are each defined in terms of resonance frequency, q, and the subsidery frequency, o near q,. Figure 6 shows the variation of n, k and R with inverse wavelength and figure 5b shows that almost all the peaks corresponds to calcium with one sodium line at 589nm. It is interesting to notice that no emission line representing the phosphor element was obtained This may be due to fact that the. energy of HF laser in this experiment was not high enough to cause the dissociation of Calo (Po& (OH)2 to relea& the (PO,), and hence remained intact in bulk fom. Table I . Calculated values of incident enegry, reflectivity and IV. Conclusion We believe that in the range of 2.76-2.78~ where the secondaq absorption peak of hydroxyapatite lies, a less violent and cleaner ablation of enamel compared with its main absorption peak at 9.6 pm is produced Also, by constantly keeping the surface of enamel damp, most of the pulse energy will be spent to vaporize the water during the ablation hence screening the tissue h m possible plasma damage. Change of enamel state due to variation in its absorption coefficient was monitored below fluence threshold using PII) experiment. The main mineral element detected in spectroscopy was calcium. It seems that a pulsed HF laser with advantages such as i-wavelength tunability between (2.6-3) pm, iihigh absorption coefficient of hydroxyapatite at 2 . 8~ iii-ability of optical fibre delivery and iv-lack of carcinogenetic effects make this laser potentially a suitable candidate for some medical applications.
